In this work, we experimentally investigate several temporal and spectral methods to highlight extreme fluctuations which can develop during the Raman amplification of an ultrashort pulse train. Forward and backward pumping schemes are compared to dual pass configurations.
Introduction
The study of extreme statistics in nonlinear fiber optics is a topic that has recently stimulated much attention. Following the pioneering work of Solli and coworkers [1] that have reported the observation of statistics analogous to hydrodynamic rogue waves in the formation of optical supercontinuum, most of the initial works have focused on the passive propagation of picosecond pulses in photonic crystal fibers [2] . Those different studies carried out in the anomalous dispersion regime have highlighted the specific role played by modulation instability, Akhmediev breathers [3, 4] as well as Raman frequency shifted solitons that are also affected by third-order dispersion and resulting pulse-to-pulse interactions [5, 6] . However, observation of statistics that strongly deviate from a Gaussian distribution is absolutely not restricted to supercontinuum generation and can also be observed in telecommunication applications in the context of transmissions [7] [8] [9] , Raman fiber lasers [10, 11] as well as discrete amplification [12, 13] . More precisely, in this latest field, it has been shown that under certain conditions, statistical distribution of an amplified signal can be strongly reshaped during the amplification process.
Examples of this deleterious degradation have been discussed for parametric amplifiers [12, 14, 15] and for Raman amplifiers [13, 16, 17] : in both cases, a quasi-instantaneous gain and a low walk-off between the signal and a partially coherent pump lead to a dramatic transfer of fluctuations from the pump to the signal in a co-propagating configuration. In a previous work,
we have numerically and analytically described the evolution of a continuous signal in a copropagating amplifier in the presence of a low walk-off and pump depletion [17] . We have also
shown that an adequate frequency shifted optical bandpass filter can isolate the most extreme structures [16] .
In this contribution, we focus our attention on experimental results outlining the drastic consequences of the transfer of intensity fluctuations from the pump to a pulsed signal in a lumped Raman amplifier. Indeed, due to their scarcity and their high amplitude, characterization of the impact of extreme statistics remains a tricky task. Contrary to widespread quantitative techniques such as the measurement of the optical noise signal ratio (OSNR) or the relative intensity noise (RIN) [18] , we have chosen to present here a set of alternative qualitative methods that show the emergence of extreme fluctuations in a 10 GHz pulse stream. More precisely, this paper will successively present statistical records using photodiodes, optical auto-/cross-correlations, RF spectrum and optical spectrum. Forward and backward pumping schemes will be compared to dual-pass configurations.
Experimental Setup
Our experimental setup is sketched in Fig. 1a . An actively mode-locked erbium-doped fiber laser delivers a train of 2.9 ps pulses at a repetition rate of 10 GHz and with an initial average power of 10 mW (corresponding to a peak power of ~300 mW) at a wavelength of 1550 nm. Let us note that our previous works [13, 16] or [19] involved much lower repetition rates as the signal source was a MHz passively mode-locked fiber laser. The pump is delivered by a Raman continuous wave fiber laser centered at 1455 nm with an average power up to 2 W. An essential point is that this pump is a partially incoherent wave (~20 GHz of spectral width) that exhibits high contrast, fast intensity fluctuations [19] . Indeed, its intensity autocorrelation signal (plotted in Fig. 1b) presents a characteristic contrast of one half [13, 20] with a temporal width of 25 ps. This temporal duration is a characteristic time of the shortest pump fluctuations and is much larger than the picosecond signal to be amplified while being shorter than the temporal separation between two successive pulses.
The amplification is performed in a 1-km long highly nonlinear fiber (HNLF respectively at 1550 nm). We have compared several pumping schemes: backward pumping (Fig. 1a1 ), forward pumping ( Fig. 1a3) and two bi-directional pumping (Figs 1a2 and 1a4) relying on the use of optical circulators. Moreover, several pump powers ranging from 500 to 1500 mW have been tested, leading to integrated gains from 5 to 15 dB in single pass configurations and gains from 10 to 22 dB in dual-pass configurations. Several characterizations of the optical properties of the amplified signal have been carried out. In the temporal domain, we have recorded the output pulse train and its associated statistics thanks to a high speed digital sampling oscilloscope (Tektronix TDS CSA 8200) combined with a photodiode having a 30 GHz bandwidth. We have complemented our study by using an optical intensity autocorrelator (Femtochrome, FR-103HS) to investigate pulse-to-pulse fluctuations.
Radio frequency spectra as well as optical spectra were also recorded and further insights on the spectral stability were gained by mapping the spectral evolution into the temporal domain.
Oscilloscope observations and statistical records
The most intuitive and straightforward way to explore and evaluate signal variation at the output of the Raman amplifier is the direct observation on a high-speed oscilloscope. Indeed, the eyediagram enables us to visualize the variations of the signal level in the various experimental configurations. Given the finite bandwidth of the electronics under use (typically 30 GHz, much below the optical bandwidth of our pulses), we do not resolve the details of the temporal intensity profile of the picosecond pulses. Therefore, we do not monitor rigorously the peak power of the pulses, but rather the fluctuations of their energy. As a first approximation and given the fact that the amplified pulses do not exhibit any pulse splitting in our normally dispersive fiber, we can however consider that those energy fluctuations are directly proportional to peak power variations [21] .
The choice of the pumping configuration has a strong impact on the amplifier performance as can be readily noticed in Fig. 2 . When the signal and the pump counter-propagate in the fiber, the output pulse train exhibits a low level of fluctuations ( Fig. 2b) and maintains a quality comparable to the initial mode-locked signal (Fig. 2a) . On the contrary, in a copropagating scheme, the stability of the output pulse train is drastically affected ( We took advantage of the statistical functions embedded in the oscilloscope to get more quantitative data on the statistical distribution of the pulse energy fluctuations (Fig. 3) . Results obtained for different pumping schemes (with a pump power of 1 W) are summarized in Fig. 3a and confirm the previous qualitative conclusions. In a backward pumping scheme, the statistical distribution of the pulse energy is quite narrow and can be compared to the initial pulse distribution. It heavily contrasts with the results recorded in a co-propagating scheme where the output statistical distribution presents heavy tails [13] . Events with pulse energy more than 30 times the median energy have indeed been recorded, illustrating the completely unusual amplitude of those fluctuations. Dual pass configurations exhibits slightly less degraded results, the most extreme events being less frequent compared to the single pass co-propagating scheme.
This can be mainly explained by the impact of gain saturation of the amplifier that ultimately limits the maximum energy that can be reached. We have also investigated in more details the influence of the pump power in a forward pumping scheme (Fig. 3b) . Increasing the pump power impacts the tail of the statistical distribution by increasing the level of fluctuations: measurements carried out for pumping values between 500 and 1500 mW show that the probability of observing an event between 2 and 12 times the median energy increases with pump power. However, for larger gains and given the high repetition rate of the signal to be amplified, pump depletion effects and gain saturation become important, which leads to an upper limit of the pump energy and rapidly falling probability. Such a behavior is in full agreement with the numerical and analytical conclusions discussed in a previous article dealing with a continuous seed [17] .
Optical correlations
The electrical bandwidth of our oscilloscope is not high enough to resolve the details of the pulse structure and to get access to the duration of the picosecond pulses. Even if optical sampling oscilloscopes with a THz bandwidth [22] are nowadays available to resolve accurately the temporal profile of periodic pulse trains, we have based here our measurements on a standard, widely spread intensity autocorrelator. Intensity autocorrelations have already been used in previous works in Raman or parametric amplifiers [12, 13, 17 ] using a continuous seed, providing indirect evidence of the existence of spikes of light.
Results obtained with a 10-GHz picosecond pulse train are plotted in Fig. 4 . For single-pass amplifiers, no major modification of the temporal intensity autocorrelation can be noticed compared to the initial pulses. Similar output durations can be recorded in co-and counterpropagating configurations. This has to be linked to the weak dispersion of the highly nonlinear fiber that leads to a dispersion length (defined as the distance for which the initial pulse broadens by a factor 2 due to dispersion [23] ) above 5.5 km, which is much higher than the fiber length.
However, let us note that the output duration obtained in the forward pumping scheme is slightly higher. Indeed, in this configuration, the pulse experiences more self-phase and cross-phase modulation [16, 24] (this point will be experimentally discussed in section 6 of this paper) so that the expanded spectrum leads to a slightly enhanced dispersion-induced temporal broadening.
Differences are much more marked when comparing the results obtained in dual-pass configurations. More precisely, the scheme where forward pumping is followed by backward pumping leads to significantly broadened output pulses. Such a broadening can once again be attributed to the large spectral expansion undergone in the first pass of the amplifier. We have also recorded the autocorrelation over a larger temporal span in order to observe the cross-correlation peaks between a pulse and its preceding pulse delayed by 100 ps. Such measurements were not possible in the previous published studies due to the low repetition rate of the passively modelocked source [12, 13, 16] (requiring therefore a delay of several tens of ns). Interestingly, the level of this cross-correlation peak can provide pertinent information on the amplitude jitter degradation that affects the pulse train [25] [26] [27] . Experimental results are summarized in Fig. 5 . The initial pulse train exhibits a level of the central peak identical to the level of the cross-correlation peak, confirming the regime of mode-locking of the source. Such low pulse-to-pulse amplitude jitter is maintained in a backward amplification scheme. On the contrary, when pump and signal co-propagate, the peak of cross-correlation falls drastically, which highlights the significant change of amplitude between two successive amplified pulses.
This is fully consistent with the typical duration of the fluctuations of the pump as measured by autocorrelation measurements (25 ps, see Fig. 1b ), which is lower than the repetition rate that we considered. In this context, using higher repetition sources (80 GHz or above) could provide some additional useful information: the typical duration (25 ps) of a high fluctuation of the Raman pump being shorter than the pulse separation (100 ps), our 10-GHz signal does not fully sample all the pump fluctuations and can be quite affected by the relative delay between the pump structure and the temporal pulse position [16, 19] .
Using the temporal width of the cross-correlation peak, one could also evaluate the timing jitter [25] . We have found in our experiments that there was no significant increase of timing jitter in the amplification process, confirming therefore that the main source of degradation was amplitude jitter. Measurements carried out on dual pass configurations have
shown that a similar signature of the high degradation of the amplitude stability is observed.
Records made according to the pump power in a co-propagating configuration (Fig. 5c ) confirm the conclusions drawn in section 3 (Fig. 3b) . Indeed, increasing the pump power first leads to an increase of the number of extreme events, i.e. of the pulse-to-pulse fluctuations, translating into a lower cross-correlation peak. On the contrary, for higher gain, gain saturation reduces the fluctuations and the cross-correlation peak amplitude increases. 
Radio frequency spectrum
We complement our measurements by recording the radio frequency (RF) spectrum of the pulse train. Note that ideally, this data is linked to the autocorrelation signal we have previously described through the Wiener-Khinchine theorem. However, in practice, the finite temporal duration of analysis of the autocorrelator and the frequency bandwidth limitation of the optoelectronic of the usual radiofrequency spectrum analysers (as long as optical radiofrequency analysis is not used [28] ) lead to a truncation of the signal, so that it is of interest to consider experimentally both records separately. Therefore, RF spectra are intensively used to characterize the optical amplifier properties: the measurement of the relative intensity noise (RIN) has indeed become a standard analysis to discuss the performance of optical amplifiers [18] . Other authors have also proposed to extract from the comb-like RF spectrum the amplitude and timing jitters of the periodic signal [29] . However, this latest application is not relevant to our experiment as it requires the analysis of a large number of harmonics peaks (we are limited by the RF bandwidth to the analysis of two 10 GHz harmonic components) and as it is based on the strong assumption of small variations having a Gaussian probability distribution, which is clearly not our case in the described experiments.
In the context of this work, modestly, we show that depending on the configuration, the noise level significantly changes (Fig. 6) . As predicted by the theoretical work of Fludger [30] ,
we check that the backward pumping scheme exhibits significantly better performance than the forward pumping. What is striking on the signal obtained in this latest configuration is the presence of clear additional peaks in the vicinity of the 10 GHz components. Those peaks are attributed to the transfer of intensity noise from the pumping laser to the pulsed signals and the use of a high-repetition rate (10GHz instead of a few tens of MHz typical of modelocked sources) has facilitated their unambiguous detection. Note that these peaks are already present in the initial pump (Fig 6c) and are characteristic of the pumping laser used [31, 32] . The modal properties of this Raman fiber laser are quite complex and depend on the output power as can be seen from Fig. 6 (c) : for output power of 1 W, the noise is structured with spikes spaced by 0.6 GHz whereas for 500 mW, spikes are randomly spaced up to 0.5 GHz. Detailed study of the properties of the pumping laser exceed by far the scope of the present work, but these RF measurements suggest that the simplified assumptions made for modeling the behavior of the sufficient to retrieve the details of the RF spectrum. Figure 6 : RF spectra for (a) a counter-propagating case are compared with spectra for (b) a copropagating case. In both cases, the initial RF spectrum of 10 GHz-laser (solid dark blue line) is compared to RF spectra obtained for an initial pump power of 500 mW (solid light blue line), 1500 mW (solid green line) and 1500 mW in dual-pass configuration (solid red line). Subplots (a2) and (b2) magnify the central part of spectra (between 9 and 11 GHz) respectively in (a1) and (b1). Results are compared to (c) RF spectra of the pump for two initial powers: 500 mW (solid dark blue line) and 1000 mW (solid green line) over 2 GHz.
Optical Spectrum
We also performed a spectral analysis by recording the output optical spectra. Indeed, we expect the rogue events to also significantly alter the phase of the pulses, which cannot be easily monitored using the previously described methods. Noticeable changes affecting the optical spectrum are summarized in Fig. 7 . Two frequency spans were considered: a 150 nm span in order to observe the spectral broadening of the pulses and the cascading of the Raman process and a 5 nm span in order to observe the details of the spectral structure of the optical field.
From the 150-nm span records, we can first make out the significant spectral expansion that is experienced by the pulse train during its amplification in all the various pumping schemes.
However, the level of spectral broadening differs significantly according to the setup. Indeed the broadening is increased for a co-propagating configuration, as a consequence of the longitudinal peak-power evolution over the fiber amplifier resulting for a forward pumping in a higher integrated self-phase modulation [24, 33] . The impact of cross-phase modulation of the pump on the signal may also in a lesser extend increase the spectral broadening [16] . We have checked that filtering with a frequency offset optical band pass filter may offer an interesting way to isolate rarest and most intense pulse obtained in a co-propagating scheme [16] . On the contrary, for pulses amplified in a back-pumping scheme, the pulse train obtained after the same offset spectral filtering remains periodic with low peak-to-peak fluctuations.
We can also note a strong impact on the cascading of the Raman process. Contrary to a counter-propagating configuration where for a single pass amplifier, no cascading is observed, we can notice the emergence of a Stokes in a forward pumping scheme: the most powerful rogue structures have reached a peak power high enough to generate their own Raman Stokes. We therefore anticipate that filtering this Raman Stokes may offer an alternate solution to isolate rogue events. Such a Stokes wave may further be amplified in a second pass counter-propagating segment. Regarding the closer view of the central part of the spectra, we should ideally obtain a spectrum of lines spaced by the repetition rate, i.e. 10 GHz. Our initial spectrum (see Fig. 7 )
clearly exhibits such a comb structure although we are limited in some extent by the finite resolution (0.02 nm) of our optical spectrum analyzer (OSA). Note that the resolution used in this setup does not match the resolution with which OSNR measurements are usually performed in the optical domain [18] , but such measure is not our aim here. The comb feature is maintained during the propagation in a counter-propagating configuration (Fig 7a2) . However, we find that in a forward pumping scheme, the contrast of line spectrum falls dramatically (Fig 7b) and one can hardly guess the initial 10-GHz lines. This indicates clearly the existence of significant fluctuations which breaks the 10-GHz periodicity of the optical field. We note also that in a dualpass configuration, due to the changes in the co-propagating segment, the contrast is very poor.
Spectrum observations based on wavelength-to-time mapping
The optical spectra presented in the previous section are intrinsically averaged so that they cannot provide any information on the pulse-to-pulse spectral fluctuations. In order to get some insights of the spectral stability, we have added before detection on the photodiode a segment of dispersion compensating fiber (DCF with a dispersion of -100 ps/km/nm). The amplified signal under investigation has been attenuated so that the linear propagation essentially imposes a large parabolic spectral phase. The length of the DCF fiber has been chosen so that the dispersionbroadened pulses do not overlap with the neighboring pulses, the 100 ps pulse spacing therefore represents a limit of the temporal broadening we induce.
The interest of this additional highly dispersive segment lies in the possibility it offers to translate the spectral shape into the temporal domain, which is a technique known as time stretch
Fourier transform [34] : when the pulses are sufficiently dispersed, one can benefit from a one-toone mapping of the optical frequency into time. In other words, the fluctuations of the optical spectrum will be converted into fluctuations in the temporal domain and the eye diagram will enable to easily monitor those fluctuations. Note here that we focus exclusively on the eye diagram without trying to see each pulse individually. In this sense, we're going less far than B.
Jalali and coworkers who have initially proposed this technique in order record individually optical rogue events [1, 34] . Let us also stress that the configuration we study should not be confused with the Raman amplification scheme used to improve the sensitivity of the time stretch Fourier transform [35] . Results are summarized in Fig. 8 for the different pumping configurations. In the backward pumping scheme (Fig. 8a) , stability is conserved, in agreement with the previously discussed results. In the other pumping configurations (Fig. 8 (b-d) ), very large fluctuations of the temporal width are recorded revealing the dramatic pulse-to-pulse changes of the spectral extent of the pulses before this wavelength-time mapping process. This therefore confirms the interest of carrying spectral filtering with a frequency offset optical band pass filter to isolate the rarest and most intense pulses [16] .
Conclusions
We have presented in this paper several non-standard characterization methods which highlight qualitatively the specific nature of fluctuations observed in a lumped Raman amplifier pumped in a co-propagating way. Similar events may also be found in other devices like waveguides as it has been shown by Borlaug et al. [36] . All the various effects highlighted here are mainly related to the transfer of pump noise on the amplified signal. In other words, there are not linked to accumulation of amplified spontaneous emission in the amplifier nor by the beat noise-noise or noise-signal nor by multi-interference pattern. Therefore, several widely-spread methods used to perform optical performance monitoring and determine optical signal to noise ratio [37] may fail to efficiently take into account all those highly damaging impairments.
All the trends described in this work have been confirmed by intensive numerical simulations (not detailed here) based the integration of a set of two coupled nonlinear Schrödinger equation including the Raman amplification [13, 16, 17] with the assumption of a pump having a Gaussian statistics. Note however that this assumption fails in reproducing the results obtained by RF measurements, highlighting the complex nature of the output of the Raman fiber pump laser.
We expect our results to be expandable to other amplifiers such as parametric amplifiers.
The physical principle of parametric amplifiers may however lead to additional points to be discussed such as the consequences of the phase-sensitive nature of those devices.
